Although methanol is a widely employed carbon source for denitrification, relatively little is known on the abundance and diversity of methylotrophic bacteria in activated sludge. The primary aim of this study was to specifically identify bacteria that metabolized methanol in a sequencing batch denitrifying reactor (SBDR), using a novel technique, stable isotope probing (SIP) of 13C labeled DNA. A secondary aim was to quantitatively track dominant methylotrophic bacteria in the SBDR exposed to different terminal electron acceptors. SIP enabled 13C 16S rDNA clone libraries revealed that SBDR methylotrophic populations were related to Methyloversatilis spp. and Hyphomicrobium spp. Based on newly developed quantitative polymerase chain reaction (qPCR) assays, Hyphomicrobium spp. were more abundant than Methyloversatilis spp. throughout the period of SBDR operation. The relative population abundance was stable despite a shift in electron acceptor from nitrate to nitrite (keeping the same methanol dose). However, the shift to nitrite resulted in a significant decrease in denitrification biokinetics on both nitrate and nitrite.
INTRODUCTION
Denitrification is the dissimilatory biochemical reduction of ionic nitrogen oxides such as nitrate-nitrogen ðNO This work is part of a larger study aimed at elucidating the structural and functional microbial ecology of denitrification on several carbon sources and nitrogenous electron acceptors (nitrate and nitrite) in a sequencing batch denitrification reactor (SBDR). The first part of the study that involves longterm methylotrophic denitrification is described here. Ultimately, this overall work is expected to provide significant information about major functional denitrifying groups and their biokinetics in activated sludge using different electron donors and acceptors. Such information will be extremely useful in minimizing external electron donor addition, while achieving mandated total nitrogen removal goals.
OBJECTIVES
The objectives of this study were to: † Determine the structural and functional microbial ecology of a methylotrophic sequencing batch denitrification reactor (SBDR) using SIP and 16S ribosomal RNA based phylogenetic interpretation of 13 C labeled DNA. † Quantify the biokinetics, yields and performance of methylotrophic denitrification as a function of terminal electron acceptor (nitrate and nitrite) in the influent. Microbial ecology of the denitrifying SBDR via SIP SIP was used to determine the ecological diversity of the SBDR as per (Lueders et al. 2004) during Phase 1 of this study.
Stable isotope probing (SIP) was used to determine the ecological diversity of the SBDR as described previously (Lueders et al. 2004) . SIP experiments were initiated in a separate anoxic batch reactor, spiked with 500 mg COD/L of 13 C methanol and 100 mg NO The phylogenetic tree for the clones was developed and bootstrapped with ClustalX (InforMax, Inc., North Bethesda, MD) software using the Neighbour Joining (NJ) method (Saitou & Nei 1987) . Positions with gaps were excluded and multiple substitutions were corrected. The tree was then subjected to 1,000 bootstrap trials and the rooted phylogenetic tree was rendered using the TreeView software (http://taxonomy.zoology.gla.ac.uk/rod/rod.html)
with Methanosarcina thermophila as the outgroup.
Development of quantitative PCR assays for tracking methylotrophic biomass concentrations
Based on the dominance of Hyphomicrobium spp. and 
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In unspiked biomass samples (representative of all bacteria in the reactor), one DNA concentration peak was obtained at a density of 1.714 g/mL. In the biomass sample spiked with 13 C methanol and harvested at t ¼ 22.4 h, a clearly distinguishable DNA peak at a higher density of 1.753 g/mL was obtained (Figure 1 ). The phylogenetic tree constructed based on cloned 16S rRNA sequences of the 12 C and 13 C DNA samples showed that the organisms that took up 13 C most rapidly were a small specialized subset of the overall SBDR biomass, consisting of Hyphomicrobium (Figure 2 ). Therefore, a truly novel result of this study is that even in a reactor fed solely with methanol, a fraction of the population did not assimilate 13 C methanol rapidly enough during the period of the C spike and was potentially sustained on endogenous bacterial metabolites long-term SBDR operation.
Based on qPCR based quantitative tracking, revealed that
Hyphomicrobium spp. were in general more abundant than
Methyloversatilis spp. over the entire course of reactor operation. Further, there were no systematic changes in population abundance of either community when reactor was shifted to nitrite rather than nitrate as the electron acceptor ( Figure 3 ). Another significant finding is that Hyphomicrobium spp., which are speculated to be (Layton et al. 2000) , did in fact constitute the major portion of the organisms that took up There is little information on maximum specific growth rates for methylotrophic denitrification in activated slude; most data are reported in terms of the maximum specific denitrification rates, normalized against the total biomass concentrations. Nevertheless, our estimates for the maximum specific denitrification rate (m max , Table II) (Table 2) . However, experimental estimates for nitrite were significantly lower than the corresponding theoretical estimates. It is likely that production of gaseous intermediates including nitrous and nitric oxide may have contributed to this reduced yield, since nitrite preferentially induces nitrite reductase over the other enzymes involved in the denitrification cascade (Korner & Zumft 1989) .
The utility of conducting both population and biokinetic monitoring was amply illustrated upon switching electron acceptors in phase of this study. If one had followed the conventional practice of just monitoring sDNR, it would not be possible to discriminate whether the lower sDNR values during phase 2 were due to the same populations functioning at lower specific rates or because of a combined change in population abundance and specific growth rates. However, since, we explicitly measured both population abundance and sDNR, we could conclude that the reduction in sDNR was mainly due to reduction in cell activity rather than reduction in population abundance From a modeling perspective, based on our results, it seems appropriate to introduce additional terms describing the activity methylotrophic microorganisms. The kinetics of the two dominant methylotrophic organisms are currently under investigation in our lab to determine whether they could be lumped into one set of equations or whether they should be treated explicitly.
CONCLUSIONS
In conclusion, we successfully applied SIP in conjunction with qPCR to diagnose and quantitatively track the 'active' methylotrophic fraction in a denitrifying sequencing batch reactor. Methyloversatilis and Hyphomicrobium spp.
emerged as the dominant groups metabolizing methanol in the SBDR. The transition from nitrate to nitrite as the electron acceptor did not translate into changes in the 
